The paper describes manufacturing simulation with a focus on discrete event simulation and computer aided robotics. Some generic good practices, problems, and pitfalls in the use of simulation are described. Some advanced applications of manufacturing simulation are described and elucidated on the hand of a system for simulation-based service & maintenance. Simulation-based decision support and information fusion are closely related, and plans for novel synergistic research in these area are presented.
INTRODUCTION
Although there are various ways to carry out a simulation, with the word "simulation" one usually means "computer simulation". In this case, it can be defined as: "The investigation of processes or conditions by the use of computers programmed to imitate them, for understanding or for training purposes".
In manufacturing system life cycle support, many intricate decisions have to be made that require specialist skills, knowledge and competence. Examples of decision types are manufacturing system design, operational planning, technical planning, service & maintenance, and new product introduction. Various tools for manufacturing simulation can be used to support the decision maker(s). Although each simulation project in principle requires its own problem-tailored and company-tailored approach, there are many commonalities that can be identified, regarding good practice as well as regarding potential pitfalls. Examples are problem definition, scope of the project, communication and reuse of results, data access and data quality. It should also be kept in mind that simulation is only a tool for decision support or analysis, and that it is no goal in itself. Many questions can be answered just as well without simulation. Presentation and documentation of the results are also very important and should be tailored to different stakeholder groups. The paper discusses these and other aspects with a focus on discrete event simulation (DES, "production flow simulation", Figure 1 , to the left) and continuous path simulation ("computer aided robotics", CAR, Figure 1 , to the right). Typical examples of traditional types of problems addressed with the use of these tools include off-line programming, collision checks, buffer-size optimisation and output capacity analysis. Emerging advanced applications include operational production scheduling, remote diagnostics and machine service support. In these applications, information regarding previous operation or previous simulations and snapshot information is fused with information about future operation, obtained from simulations.
Even although the scope of this paper is limited to CAR and DES, many of the thoughts presented here are applicable to other types of simulation, such as ergonomic simulation, FEM, and so on. 
SIMULATION PROJECTS
Even although simulation tools can be used outside the context of a project, for instance in relatively novel applications such as simulation-based scheduling [1, 2] or e-maintenance [3] , it is fair to say that all simulations start as a project. For instance, building a simulation model is a project in itself, and most simulations in industry are still carried out as stand-alone projects.
Activities in a simulation project
A number of activities can be distinguished in a simulation project. Most authors present these activities in the form of a flow chart. However, such flowcharts should not be treated too rigidly, as a lot of zigzagging between activities/phases may take place. An example of such a flowchart is given in Figure 2 . Short descriptions of the activities/phases are given in for instance [4] . Some of the most crucial phases are described in more detail below. 
Definition of the goal
When embarking on a simulation project, there are some important things to consider. First of all, a simulation is normally carried out to get an answer to certain questions, or to support certain decisions. Therefore, it is very important to design the simulation project in such a way that it will be able to answer the questions at hand. Therefore, the problem/question (or decision to be supported) must be defined with great care. However, before embarking on a simulation project, it can be very worthwhile to consider other solutions. Simulation is no goal in itself, and a straightforward analytical solution may be easier to arrive at. Furthermore, if no detailed answer is needed, then an upper bound / lower bound analysis (or best case / worst case) may provide a sufficiently accurate answer. Or, in some cases, a simple paper-based simulation can give the answer, for instance by using a Gantt chart for production planning problems. The goal of the project may be influenced by a number of issues. As mentioned, the goal normally is to answer a certain question, but if there are problems with for instance data-acquisition, then the goal must be adjusted to what is practically possible. Furthermore, if the goal is too ambitious for the resources allocated, then there is a large risk that the project will be completed late.
Building the model
When building a simulation model, one has to keep the purpose of the simulation model in mind. Models need to serve their purpose, and a crude model that is completed in time but does the job is better than a detailed model that is completed late. The latter is a severe danger, especially if the simulation engineer is too fond of simulation. However, if the purpose includes (or may include) extended use of the model, this needs to be taken into account. This usually means that it takes longer to build the model, but this saves time in the end [7] . Extended use may mean that the model needs to be extendable, refinable, and/or that it initially serves as a stand-alone model but in later phases becomes integrated with business process and information systems.
Data-acquisition
Data-acquisition is almost always a problem. Murphy's law of simulation input data is something like: "There is either too little data or too much, and in the rare cases that the amount of data appears to be perfect, the data itself proves to be unreliable". Either that, or data is not available in a readily usable/accessible format. As an example, in a recently carried out hospital simulation, the bed utilisation and waiting lists did not seem to make sense when the model was fed with historical data for validation purposes. During the search for an explanation for the discrepancy between the simulation results and the historical data, it appeared that a lot of data was not entered into the computer system, but in private logbooks instead.
One should always ask the question whether the available data is correct. Apart from missing data, data may be unreliable, or at least not representative for the situation that one wants to simulate. Even data measured especially for use in a particular simulation may not be reliable. The authors have encountered an example in which transport times within a warehouse were measured, but the consultant at hand did not realise that the factory in question was going through a transient period from 2-shift to 3-shift production. Another effect is that measuring times will often affect these times. Some people enjoy the extra attention and perform a bit better than they would do otherwise, whereas other people will have an attitude of "if I show that I can do this job in 20 minutes then I'll always have to do it in 20 minutes". Another example was found in a factory in which changeover efficiency was used to assess team performance. The criterion used was the spindle time / idle time ratio of lathes and milling machines. It was found that some groups manipulated this ratio by fiddling with the feed rate.
Verification and validation
It is good practice to have an attitude like: "The results from a simulation are to be considered as being inherently inaccurate, unless there are good reasons to believe the opposite". In other words, one needs to be able to motivate why the simulation produces realistic results. Important steps are verification (checking the model for errors) and validation (checking whether the model produces realistic overall results). Unfortunately, model building and data acquisition often take more time than planned, and in many cases the simulation engineer is very keen to start with simulation runs (either through fondness with simulation or by pressure from project management). Rather often, this goes at the cost of proper verification and validation. An overall validation at the end is not sufficient, as the model may contain certain errors that compensate each other under certain circumstances. Such errors need to be detected during verification.
It is good practice, like in software development and testing, to separate the model development and the verification / validation. This separation is good for two reasons. Firstly, developers tend to test things that required extra attention during development and sometimes forget to test "trivial" things. Secondly, a separate tester is more objective due to a lack of an "emotional bond" with the model. Unfortunately, in practice it is often the simulation engineer who carries out the verification and validation.
Documentation and presentation of results
Results need to be documented and presented in an appropriate way. The need for documentation is obvious -to understand later why certain decisions were taken, without having to repeat the simulations. It also allows for comparison of real (system) behaviour and simulated behaviour.
It depends on the target group how results are presented best. For instance, many manufacturing experts would be quite happy to see most results presented in the form of tables or graphs, which are easier to document and retrieve than animations. Furthermore, tables and graphs are more suitable for re-use in other simulations.
Animations can be very useful to explain simulation results to stakeholders with no (or a limited) engineering background, or for training purposes. A danger with animations is that some people may draw their own conclusions from an animation, which the authors call the "seen it on TV" effect. Furthermore, people get sometimes lost in discussing details of the animation instead of focusing on the major results.
POTENTIAL PITFALLS
Unfortunately, many things can go wrong in a simulation project, and it is easy to produce an extensive list of potential pitfalls without being exhaustive. Some pitfalls are listed below:
• Model building and data-acquisition often take more time than planned, which results in too little time left for proper verification and validation. As an example, in a geometrical model one would not notice mixing up sine and cosine if one only tests with angles of 45°. Hence, a reduced verification and validation program can result in the wrong conclusions regarding the correctness of the model.
• The project is ill-defined, or started too ambitious and simplifications/assumptions are made along the way. This may result in the simulation becoming the goal, whereas other, common sense solutions / analytical may work just as well (or even better), taking into account the simplifications made along the way.
• Data is not scrutinized critically. As discussed above, acquisition of accurate data can be a big problem.
• The model's use is extended to address questions for which it was never designed. The risk for this is especially high if simulation is carried out by a handful of enthusiasts in a company who seek management support for more widespread us of simulation. Once a simulation produces useful results, they are unlikely to turn down "can you simulate this as well" type of requests from management. • An old model is dusted off for later use without incorporating changes in the real system. This could be due to poor documentation, but whatever the reason, almost certainly the old model will not produce reliable results.
•
The simulation is used to prove something that was already known. In this case, the simulation has no added value. Furthermore, there is a risk that one fiddles with the model until it gives the known result, or that one skips validation if it produces the "right" result at the first run.
• People draw their own conclusions from the animation. This is discussed above, and a simulation engineer should be very keen to explain limitations of the simulation / animation. 
INDUSTRIAL USE OF SIMULATION AND ADVANCED APPLICATIONS

Current use in industry
Although the use of simulation is increasing, there are still large differences to note [8] . Some companies do not use simulation at all, often through a lack of resources, competences, or awareness of its potential. Whilst some companies strive after making simulation a "corporate norm", others are trailing and use simulation occasionally (often with external consultants or even as student projects). Many companies use simulation in an ad hoc manner, and the success and effectiveness often depends on the competence and effort of a handful of individuals. This means that the road to structured and strategic use of simulation may be there, but certainly not well paved out.
However, most companies have left the "blaming culture" that sometimes surrounded simulation in the early days, and use simulation for decision support. Usually, this regards cell verification, throughput analysis and so on of projected production facilities. Other examples are offline programming, new product introduction in existing lines, and re-engineering projects.
Advanced applications
Emerging and sometimes well-developed applications of simulation tools are related to manufacturing system lifecycle support. Such applications include virtual engineering of manufacturing systems (e.g., VIR-ENG [9, 10, 11] ), simulation based planning and scheduling (e.g. [1] and SimPlan [2] ), and simulation based service & maintenance. The latter two applications are both based on real-time (or near real-time) links between the simulation model and the real system, which allows for snapshot data to be fed into the simulation model. Together with historical data, either long-term data or recent "replay" data, this allows for the simulation model to be used for analysis of recent events but in particular for exploring virtual service & maintenance and/or scheduling scenarios. Active databases and soft computing AI techniques can also play an important role in these applications. As an example, the MASSIVE project (simulation based service & maintenance) is described in more detail below. Within the MASSIVE project, the above-said concepts are being realised through the design and implementation of an integrated software environment called MSSS (Machine Service Support System), as an extended part of the machine design and control environments developed in VIR-ENG. A system architecture that defines various components of MSSS and their interactions has been preliminarily designed and is illustrated in Figure 4 .
MSSS is essentially a remote data acquisition and analysis system. Therefore, it is obvious to see that an advanced data acquisition, pre-processing and management framework is the foundation for all other functions. The data acquisition system can be remotely configured so that specified parameters, machine process variables, discrete-event signals can be acquired in prescribed time intervals and sampling rates. Configurations for routine periodic data logging can also be selected for day-to-day monitoring. All configurations to the data acquisition components are done through the Web methods provided by the XML Web services using the user interface functions provided by Scenario Manager.
For continuous visual monitoring or in the case of a machine failure (breakdown), MSSS users can use the historical data saved in the database to carry out "playbacks" to investigate the recent history of the machine system and current status using the corresponding simulation models. In these cases, animations are driven by the historical data acquired, but simultaneously, the reference process models are used to generate the nominal dynamic response of the system with the input data from the historical data. The output data generated by the simulator and from the collected historical data can be visualised and compared using various data analysis and residual analysis techniques. The data visualisation features accomplish the 3-D animation for presenting useful "non-animated" data like electric current and voltage produced both from the simulator and the collected data as an additional means for assisting any monitoring and diagnostic tasks. Fault alarms can be generated by the diagnostic agents, for instance, if a residual signal is evaluated to exceed a certain threshold; but more advanced fault detection algorithms can be easily incorporated into MSSS.
Control system verification is a desirable feature in order that the simulation models can be used to verify the control programs for testing and verification during the machine system design, development, commissioning, or re-configuration stage. While this functionality has been explored in-depth during the VIR-ENG project, the focus of MASSIVE is to extend the research outcomes from VIR-ENG to support verification of control programs that are developed/modified to cope with maintenance service tasks.
Simulation and information fusion
Most simulation-based decision support applications, either in manufacturing or in other domains, deal in some sense with Information Fusion (IF). IF is establishing itself as a research area in its own right, however research and applications so far are usually limited in scope regarding either application area (often predominantly military), or information sources (often, from sensors only). Recognising the potential of IF and the current limitations of IF research, the University of Skövde have initiated a project on IF, involving a number of research groups (together representing over 50% of the university's research effort) in order to explore and exploit the potential of simulation-based IF. Figure 5 shows the current conceptual view of the role of simulation within IF. Furthermore, it should also be realised that building a simulation model inherently incorporates the inclusion or exclusion of information to be fused for appropriate decision support. Hence, building a simulation model is an important step in IF process design. One of the aims of the IF project in Skövde is to make various research communities more aware of the role and potential of IF in their respective research areas.
CONCLUSIONS
Simulation in the manufacturing industry is usually carried out as a project with the aim to verify projected production facilities, or to study the effects in projected changes in existing production. A number of key issues for successful simulation have been presented. By connecting the simulation model and the real system, simulation based scheduling or service and maintenance becomes possible. It has been highlighted that manufacturing simulation often deals with aspects of Information Fusion. So far, this has hardly been recognised by the respective research communities.
